Genetic resistance to brown stem rot (BSR) of soybean [Glycine max (L.) Merr.
accessions have been identified with BSR resistance, this trait has been mapped in only 12 sources, and just two, PI84946-2 and PI88788, have been used to develop BSR resistant cultivars. Thus, there is a serious need to improve our knowledge of the genetic basis of BSR resistance in soybean so that resistance genes in cultivars can be diversified and markers close to resistance genes can be identified and used in marker-assisted selection (MAS) . To this end, we conducted a genome-wide association study (GWAS) to identify novel genomic loci associated with BSR resistance and to gain further insight into a previously reported chromosome 16 region containing BSR resistance (Rbs) genes. A total of 52,041 single-nucleotide polymorphisms (SNPs) were tested for association with BSR in a set of 4735 accessions from four diversity panels evaluated for resistance from 1989 to 2003. Using a unified mixed linear model and stepwise model selection, we refined the signals within the Rbs interval on chromosome 16 by finding associations that explain a substantial proportion of the total variation of BSR resistance. In combination with significant GWAS signals found elsewhere in the genome, our study will aid efforts to improve BSR resistance by providing new targets for MAS.
B
rown stem rot of soybean, caused by the soilborne fungus C. gregata, affects soybean production in the northern United States, Canada, Brazil, and also has a minor impact in China . Yield losses of up to 38% have been reported (Gray, 1972) , and annual damage to the US soybean crop was estimated to average 422,000 Mg (15.5 million bushels) from 2006 to 2009 (Koenning and Wrather, 2010) . Management of this disease is best achieved with host genetic resistance (Bachman et al., 1997b) . Multiple screens of the USDA Soybean Germplasm Collection for resistance have identified almost 400 accessions with resistance similar to current resistant cultivars (Bachman et al., 1997a; Bachman and Nickell, 2000a; Chamberlain and Bernard, 1968; Hughes et al., 2004; Nelson et al., 1989; Patzoldt et al., 2003) . However, introgression of disease resistance into cultivars has only been achieved with the accessions PI 84946-2 and PI 88788.
Three genes conferring resistance to BSR have been identified through genetic studies: Rbs1, Rbs2, and Rbs3 (Hanson et al., 1988; Willmont and Nickell, 1989) . These original studies showed the genes were unlinked; however, subsequent genetic mapping placed all three resistance genes onto the same region on chromosome 16 (linkage group J) near the simple-sequence repeat markers Satt215 and Satt431 (Bachman et al., 2001; Lewers et al., 1999; Patzoldt et al., 2005b) . Additional BSR resistance quantitative trait loci (QTL) in experimental crosses derived from eight Chinese soybean accessions have been mapped to the same region on chromosome 16 near Satt431, Satt547, or Satt244 (Patzoldt et al., 2005a; Perez et al., 2010) . The efficiency of MAS for this locus has been limited because it was mapped to a large region of nearly 10.2 Mb of the Williams 82 genome. Thus, there has been a significant need to study this region and elucidate the key locus or loci underlying this QTL. Rincker et al. (2016) recently fine mapped Rbs genes from multiple sources and found intervals containing Rbs1, Rbs2, and Rbs3 to be located between 32.7 and 33.1 Mb on chromosome 16. All intervals identified in this study included the same 0.04 Mb interval, suggesting the possibility that only one resistance locus is present among the sources tested.
Although additional loci have been proposed as interacting with the Rbs locus or acting as modifiers (Bachman and Nickell, 2000b; Sebastian et al., 1985; Waller et al., 1991) , their identification using linkage mapping approaches has been difficult. Some common drawbacks of linkage mapping include the time required to develop populations, limitations in genomic resolution arising from high linkage disequilibrium (LD), and limitations in statistical power arising from small population sizes, all of which usually lead to low precision of QTL mapping (Cardon and Bell, 2001) . The GWAS offers an alternative to linkage mapping for identifying QTL. Using plant accessions that capture many generations of recombination, the GWAS typically has greater resolution for locating QTL relative to linkage mapping (Cardon and Bell, 2001) . Furthermore, these accessions typically include more segregating loci than what is found in a biparental cross used in a linkage mapping study.
Recent advances in genotyping and phenotyping technologies are making it possible to dissect the genetic underpinnings of important soybean traits and disease resistance with unprecedented resolution. For example, the genotyping of 19,652 accessions in the USDA Soybean Germplasm Collection with an Illumina Infinium chip, SoySNP50K, containing 52,041 SNPs (Song et al., 2013 ) is now complete. Phenotypic data on many of these accessions for BSR resistance and other traits are also available through the USDA Germplasm Resources Information Network (GRIN) and from previous accession screening studies (Nelson et al., 1989; Bachman et al., 1997a; Bachman and Nickell, 2000a; Patzoldt et al., 2003) .
Genome-wide association studies have been conducted in soybean to identify QTL controlling a wide variety of soybean traits including disease resistance. Hwang et al. (2014) and Vaughn et al. (2014) each used the SoySNP50K array to identify QTL associated with soybean seed protein and oil concentration. In addition, Vaughn et al. (2014) relied on historical phenotypic data available in GRIN. Both studies identified previously reported QTL and refined their genomic locations. Wen et al. (2014) also used the SoySNP50K array to study sudden death syndrome [Fusarium virguliforme (syn. F. solani f. sp. glycines)] resistance, which resulted in the identification of novel loci and further refinement of the genomic regions already known to contain QTL. In addition, associations with resistance to sclerotinia stem rot of soybean [Sclerotinia sclerotiorum (Lib.) de Bary] were identified by Bastien et al. (2014) . These studies demonstrate the adaptability of GWAS to soybean traits including disease resistance, the use of GRIN phenotypic data, and the use of the SoySNP50K array as a source of genotypic data. To our knowledge, GWAS of soybean BSR resistance has not been reported.
A more precise location of previously identified resistance genes underlying the QTL on chromosome 16 (Hanson et al., 1988; Willmont and Nickell, 1989 ) and the elucidation of additional novel loci should increase the efficiency and effectiveness of MAS and aid in the determination of whether this QTL consists of separate genes or a common resistance gene. Genome-wide association studies with diverse soybean accessions and a dense set of SNP markers should contribute to this endeavor by refining QTL to a narrow genomic interval. Therefore, the objectives of this study were to use GWAS to (i) rigorously study the interval containing the known BSR resistance QTL on chromosome 16 and (ii) map novel resistance QTL in a diverse set of accessions previously screened for BSR resistance.
Materials and Methods

Germplasm
Phenotypic data for BSR resistance of 4744 soybean accessions were obtained for four diversity panels designated N-1989, B-1997, B-2000, and P-2003. N-1989 included binary data (i.e., resistant vs. susceptible) based on a combination of foliar and stem observations for 2773 accessions ranging from maturity group (MG) 000 through IV and originating from primarily Asia (84%) and Europe (14%) (Nelson et al., 1989) . The remaining accessions are from North America, North Africa, Australia, and unknown origins. Eighteen accessions were characterized by the USDA GRIN database as developed cultivars, including eight commercial cultivars used as susceptible checks. Because of a low number of resistant accessions, the four resistant commercial check cultivars that derived their resistance from PI84946-2 were excluded to prevent any bias from introgression of genomic content from a single source of BSR resistance. From 1981 to 1986, susceptible accessions from N-1989 were culled from nonreplicated field tests conducted in four Midwest states (Iowa, Illinois, Minnesota, and Wisconsin) and putative resistant lines were evaluated in replicated field and greenhouse tests. Phenotypic data were obtained from GRIN (https:// npgsweb.ars-grin.gov/gringlobal/search.aspx). B-1997 included quantitative data of separate foliar and stem measurements from 540 accessions originating from central China and ranging in MG II through IV (Bachman et al., 1997a) . Evaluations were conducted in 1994 in a nonreplicated field test at Urbana, IL. Phenotypic data were obtained from Michael Bachman (personal communication, 2014) . Foliar data were expressed as the percentage of plants exhibiting symptoms, while stem data were measured as the proportion of nodes exhibiting brown pith and averaged over four plants. B-2000 included quantitative foliar measurement data from 825 accessions originating from central and southern China and ranging in MG IV through VIII (Bachman and Nickell, 2000a) . Greenhouse data from evaluations with the Oh2 isolate of C. gregata were included in this analysis because no selection for BSR resistance was conducted before evaluating the 825 accessions. The phenotypic data for B-2000 were expressed as the percentage of the nodes exhibiting foliar symptoms and averaged over two to five plants tested within each replication. A total of 281 accessions with symptoms failing to progress past the first trifoliate in two plants were included in a second replication. For these accessions, phenotypic data were averaged across the two replicates and obtained from Bachman (1999) . P-2003 included quantitative stem data from 606 accessions originating from south-central China and ranging in MG I through IX (Patzoldt et al., 2003) . Evaluation of these accessions was conducted in a greenhouse with one replication using the Oh2 C. gregata isolate. Phenotypic data were obtained from GRIN and expressed as a percentage of the nodes exhibiting brown pith and averaged over five plants. Methods to evaluate resistance in greenhouse tests among the N-1989, B-2000, and P-2003 panels were similar with the exception that Nelson et al. (1989) inoculated with a different isolate. Separate analyses were conducted on each of the four diversity panels. Moreover, two separate analyses were conducted for stem and foliar BSR data in the B-1997 panel. The Box-Cox (Box and Cox, 1964) procedure was conducted in SAS v9.3 (SAS Institute, 2011) to find the optimal transformations to correct for non-normality of the error terms and unequal variance of BSR resistance in the B-1997, B-2000, and P-2003 panels.
Genome-Wide Association Study
Genotypic data of soybean accessions from the SoyS-NP50K BeadChip (Song et al., 2013) were obtained from Perry Cregan, USDA-ARS. Single-nucleotide polymorphisms with more than 10% missing data were discarded before the GWAS and accessions were removed if there were more than 10% heterozygous genotypes. After removal of SNPs with minor allele frequency <5%, between 29,815 and 33,486 SNPs (depending on the panel) were used in the GWAS (Table 1) . Missing SNP genotypes were imputed with the major allele. To conduct GWAS, a unified mixed linear model (MLM; Yu et al., 2006) with population parameters previously determined (Zhang et al., 2010) was implemented in the GAPIT R package (Lipka et al., 2012) . To control for population structure and familial relatedness, the unified MLM included principal components (Price et al., 2006) and a kinship matrix computed by the VanRaden method (VanRaden, 2008) . For each GWAS scan, the Bayesian information criterion (BIC; Schwarz 1978) was used to determine the optimal number of principal components to include in the GWAS model. The variance component estimates from this model were used to estimate narrow-sense heritability; specifically the genetic variance component estimate was divided by the sum of the genetic and residual variance component estimates. The phenotypic variation explained by the model was assessed with a likelihood-ratio-based R 2 statistic, denoted R 2 LR (Sun et al., 2010) . The Benjamini and Hochberg (1995) procedure was implemented to the GWAS results of each panel to control for the multiple testing problem at a false discovery rate (FDR) of 10%. This rate was chosen because phenotypic data of the panels were based on limited replication and trends among panels would be identified. To further elucidate the genomic underpinnings of the peak GWAS signals, (Segura et al., 2012) in R software was implemented using all SNPs across the genome. The final MLMM was selected using the extended BIC (Chen and Chen, 2008) . All SNPs that were identified in the final MLMM were then entered as covariates in a second GWAS. Because the unified MLM was developed to analyze quantitative traits, some of its statistical assumptions (e.g., normality of error terms) are violated when fitted to the binary BSR data in the N-1989 panel. Thus, it was imperative that the GWAS signals identified using the unified MLM were confirmed using an alternate approach specifically designed to analyze binary data, namely the logistic regression model (Agresti 2013) . All statistically significant markers from the original GWAS scan of the N-1989 panel were considered for inclusion into a logistic regression model using SAS PROC LOGIS-TIC (SAS Institute, 2011) , where the optimal model was determined using the BIC (Schwarz 1978 ) in a stepwise model selection procedure. Unlike the unified MLM, these logistic regression models did not include individuals as random effects. Phenotypic variation explained by the model was assessed with a likelihood-ratio-based R 2 statistic, denoted R 2 McF (McFadden, 1974) .
Linkage Disequilibrium Analysis
Linkage disequilibrium was assessed by computing the squared allele frequency correlations (r 2 ) between unimputed marker pairs using the site-by-all option in TAS-SEL version 5.0 (Bradbury et al., 2007) . Only SNPs with a minor allele frequency >5% and <10% missing were used to estimate LD.
Results
Phenotypic Data
The N-1989 panel contains 2738 susceptible and 35 resistant accessions. The remaining panels measured either foliar or stem symptoms, which were quantified as the proportion of the plant expressing symptoms. For these remaining panels, the proportion of individual plants exhibiting BSR symptoms averaged between 0.33 and 0.39 (Table 1) . Interestingly, the B-1997 panel had, on average, threefold more plants showing no signs of foliar BSR development than stem BSR development in the B-1997 panel and BSR development in the B-2000 and P-2003 panels (Fig. 1) . The narrow-sense heritabilities of BSR resistance in the B-1997, B-2000, and P-2003 panels ranged from 0.49 to 0.93 (Table 1 ), suggesting that genetic variability might play a substantial role in BSR resistance. 
Genome-Wide Association Study and Stepwise Procedures
Consistent with previous studies, our GWAS detected significant associations between BSR resistance and marker loci on chromosome 16. Using the unified MLM, significant SNPs were identified on chromosomes 2, 16, and 17 in the N-1989 panel (Supplemental Table S1 ; Supplemental Fig. S1 ). On chromosome 16, statistically significant GWAS signals were found in the vicinity of the previously reported BSR QTL (Fig. 2) . In contrast to the N-1989 panel, no statistically significant associations were identified in either the B-1997 foliar or stem panel ( Supplemental Fig. S1 ). The GWAS of the B-2000 panel found significant peaks on chromosome 16, 5, and 8 ( Fig. 3 ; Supplemental Table S1 ; Supplemental Fig.  S1 ). The most significant SNP (P-value 4.79 ´ 10 −35 ) was located 21 kb from the interval identified by Rincker et al. (2016) as potentially containing Rbs1, Rbs2, and Rbs3 and explained 17% of the variation for symptoms (Supplemental Table S1 ; Fig. 3 ). In agreement with the N-1989 and B-2000 panel GWAS results, the peak signals from the GWAS of the P-2003 panel were in the vicinity of the putative BSR QTL on Chromosome 16 (Supplemental Table S1 ; Fig. 4 ; Supplemental Fig. S1 ). Moreover, the marker with the strongest association with BSR resistance (P-value 1.59 ´ 10 −7 ) was the same as that identified in the GWAS of the B-2000 panel.
Within the N-1989 panel, the MLMM analysis identified no significant associations; however, stepwise logistic regression of significantly associated SNPs identified in the GWAS revealed that three SNPs on three different chromosomes (i.e., chromosomes 2, 16, and 17) best described the binary resistant and susceptible phenotypes (Table 2 ). When the GWAS was reconducted with these three SNPs included as covariates in the model, no statistically significant signals were detected at 10% FDR (Fig.  2) , suggesting that these three SNPs sufficiently account for BSR resistance variability in this panel. Within the B-1997 panel, no significant associations were found using the MLMM, which is consistent with the original GWAS scan. The optimum model obtained from the MLMM analysis for the B-2000 panel included two SNPs on chromosome 16 (Table 2) . When these two SNPs were included as covariates in the GWAS model, an additional four SNPs (three of which are proximal to the putative BSR QTL on chromosome 16 and another on chromosome 8) were significant at 10% FDR (Fig. 3) . This could indicate that more variability exists than can be explained by the two MLMM-identified SNPs. Finally, the optimum model obtained with MLMM for the P-2003 panel identified two SNPs on chromosome 16 (Table 2) explaining 10% of the variation. Subsequently, the GWAS rescan that included these two SNPs as covariates in the model identified no statistically significant signals at 10% FDR (Fig. 4) , which suggests that these two SNPs sufficiently account for BSR resistance variability in this panel.
Discussion and Conclusions
Before this study, genetic mapping of BSR resistance had been conducted primarily through the use of biparental populations. Given recent advances in genotyping and the diversity present in soybean accessions, GWAS is now a viable approach for identifying new genetic resistance loci and pinpointing the location of Rbs genes on chromosome 16. We conducted GWAS with a 50K SNP array in four panels of diverse soybean germplasm that include all publically available BSR resistance data. While the scope of this study is limited by the pathological screening and inoculation methods, this work constitutes one of the most extensive analyses of natural variation for BSR resistance to date.
Linkage Disequilibrium and Population Structure
The genomic region on chromosome 16 from 32 to 34 Mb that contains significant SNPs in two of the MLMM analyses is gene rich with rapid LD decay. The N-1989 panel is composed of more accessions ranging from wider geographic origins, which we would expect to have less LD. However, the greater LD present in the N-1989 panel than other panels (Fig. 2, 3 , 4) suggests this group of accessions could have been subject to greater selection pressure, founding events, or the presence of population structure compared with the germplasm that comprised the other three association panels. Hwang et al. (2014) also used the SoySNP50K array and reported an approximate coverage of one SNP every 17 kb in euchromatic regions and 100 kb in heterochromatic regions. This coverage is sufficient for SNPs to be in LD with most QTL; however, a gap of 700 kb exists between the two significant GWAS peaks on chromosome 16 (Fig. 2, 3, 4) where none of the SNPs tested in GWAS were called.
For each of the four panels, the BIC was used to determine that none of the principal components needed to be in the optimum GWAS model. Given that the ancestry of Asian soybean accessions can be traced back to a domestication event that reduced diversity from a wild relative (Glycine soja Siebold & Zucc.) that already had low sequence diversity (Hyten et al., 2006) , this is not particularly surprising. However, two explanations for this result are that the kinship matrix is explaining both population structure and familial relatedness, or BSR resistance is not associated with population structure. To explore this possibility further, the correlation of BSR resistance and principal components was calculated, and no meaningful correlations were found (data not shown).
Genome-Wide Association Study and Stepwise Procedures
In three of the four tested panels, statistically significant GWAS signals were identified in the chromosome 16 region where three Rbs genes were previously mapped. Interestingly, one SNP in this region (ss715624573) had the strongest association with BSR resistance in two of the panels. Although this SNP was not identified in (Table 2) , which is a substantial refinement compared with the 10.2 Mb interval identified in Patzoldt et al. (2005b) . These results also agree with fine mapping results of Rincker et al. (2016) that map the position of Rbs1, Rbs2, and Rbs3 to between the positions of 32.7 and 33.1 Mb. We therefore expect these results to directly benefit MAS breeding efforts by providing a focused region on chromosome 16 from which to make selections for improved BSR resistance.
Although three Rbs genes have been previously mapped to the same region of chromosome 16 (Bachman et al., 2001; Lewers et al., 1999; Patzoldt et al., 2005b) , the results of our study failed to confirm the presence of three distinct genes. It is possible that the three previously identified Rbs genes are in fact one gene and that environmental effects or errors in the original allelism tests could have resulted in the incorrect conclusion that different resistance genes were present in resistance sources. Although our study identified multiple significant SNPs located in a narrow interval, it is possible that a single QTL is present, and the different patterns of LD within the four panels result in unique sets of SNPs with significant associations (Platt et al., 2010) . A second possibility is that the multiple significant SNPs identified in our study arise from multiple QTL within the region. Nucleotide binding site-leucine rich repeat (NBS-LRR) genes have been found to be the largest class of disease resistance genes in flowering plants (Dangl and Jones, 2001) , and many NBS-LRR genes have been identified in this defined region of the Williams 82 genome sequence. Furthermore, duplicate NBS-LRR genes have been found to confer disease resistance in plants (Dixon et al., 1996) . In soybean, Kang et al. (2012) found that locations of disease resistance QTL were correlated with the number of NBS-LRR genes. In fact, resistance to multiple soybean pests such as Phytophthora root rot (Rps1k), soybean mosaic virus (Rsv1 and Rsv3), and Asian soybean rust (Rpp4) have been mapped or cloned to NBS-LRR genes (Gao et al., 2005; Hayes et al., 2004; Meyer et al., 2009; Suh et al., 2011) .
The identification of BSR resistance QTL other than at the chromosome 16 Rbs interval has been elusive. The variation explained in each of our panels (Table 2) remains low, which suggests environmental effects are large, or more loci are responsible for resistance, or both. The most promising region identified in this study is a location distal of the Rbs interval at the positions of 36.6 to 37.4 Mb on chromosome 16. Three of the four GWAS panels contained significant SNPs from this location. However, no significant associations were found in this region when reconducting the GWAS with SNPs identified in MLMM as covariates. Lewers et al. (1999) identified two separate QTL on chromosome 16. Based on previous linkage maps, the restriction fragment-length polymorphic markers used in their study are not located near the positions found in our study. It is possible that the markers used by Lewers et al. (1999) −17.4209656 0.03 † Defined as the likelihood-ratio based R 2 statistic that measures the increase in phenotypic variation explained by adding the indicated SNP into the model. ‡ Defined as the likelihood-ratio based R 2 statistic that measures the increase in phenotypic variation explained by adding the three SNPs identified in the "SNP added to model" column compared to the interceptonly model. § ExtBIC, extended Bayesian information criterion (Chen and Chen, 2008) . ¶ Defined as the likelihood-ratio based R 2 statistic that compares the variation explained by the final multilocus mixed models (MLMMs) fitted to (i) the foliar symptoms in the B-2000 panel and (ii) the stem symptoms in the P-2003 panel relative to the intercept-only model. For each of these panels, the respective SNPs included in the final MLMM are indicated in the "SNP added to model" column.
interval were identified in the MLMM analysis or with stepwise logistic regression. In addition to these locations on chromosome 16, other significant SNPs identified within the N-1989 (chromosomes 2 and 17) and B-2000 (chromosome 8) panels could be involved in resistance. Because of the limited replication of phenotypic data obtained for GWAS and the nature of the binary data, more evidence is needed to substantiate these QTL. Increased replication of phenotypic data within these panels may identify additional QTL, but it is possible that the frequency of BSR resistance alleles at QTL other than the chromosome 16 Rbs locus is too low for a traditional GWAS to detect (Cardon and Bell, 2001) . In this case a biparental or family-based association mapping population would be needed. Presumably, the significant association on chromosome 5 in the B-2000 panel is a false positive because it was not included in the optimal MLMM and was not significant when reconducting the GWAS with SNPs identified in the MLMM as covariates. The presence of another unknown QTL that interacts with the Rbs locus has been proposed (Bachman and Nickell, 2000b; Sebastian et al., 1985; Waller et al., 1991) . If loci identified in our GWAS were substantiated, further research would be needed to determine if epistatic interactions with the Rbs locus exists.
The lack of significance in the B-1997 panel was unexpected because Patzoldt et al. (2005a) developed biparental populations with resistant accessions identified by Bachman et al. (1997a) and present in the B-1997 panel. Patzoldt et al. (2005a) then conducted linkage mapping with molecular markers on chromosome 16 and in all five of the resistant sources studied, QTL were mapped to the same region where Rbs was previously mapped. This suggests that the resistance QTL in the Rbs interval of chromosome 16 is present in the landrace population of the central China region where accessions included in the B-1997 GWAS were collected. It is possible that the lack of association is the result of a low frequency of resistance alleles found in the accessions of this panel, and a different design would be needed to identify an association on chromosome 16 (Cardon and Bell, 2001) . Another explanation of the lack of GWAS signals for this panel is that many accessions did not have foliar symptoms and were possibly disease escapes. Yet another possibility is the inoculum for the 1994 Urbana, IL, field test where these accessions were evaluated. The Rbs gene may not have been effective against the population of C. gregata present in the field during that year. No interactions between C. gregata isolates and host genotypes have been reported but do exist in other soybean pathogenic fungi .
In this study, association mapping was used to refine the location of the known Rbs gene or genes and to identify new putative associations that should be tested in future research. This study demonstrates the ability to use data from the SoySNP50K array and historical BSR resistance test data to map disease resistance in soybean. The genomic positions identified will aid gene cloning efforts. Furthermore, the markers identified in this study will improve MAS and development of resistant cultivars. Regardless, the prominence of only one major QTL for BSR resistance does present a challenge in the event that an isolate is able to overcome resistance from this locus. Further research is needed to validate additional QTL or distinguish the previously reported Rbs genes. In addition, research is needed to evaluate resistance to additional isolates and inoculation methods that can increase our overall resistance in germplasm.
